This paper describes an airborne plutonium monitoring system which is installed in the ZPR-9 (Zero Power Reactor No. 9) facility at Argonne National Laboratory. The design and operational experience are discussed. This monitoring system utilizes particle size and density discrimination, alpha particle energy discrimination, and a background-subtraction technique operating in cascade to separate airborne-plutonium activity from other, naturally occurring, airborne activity. Relatively high sensitivity and reliability are achieved.
Introduction
The Zero Power Reactor No. 9 (ZPR-9) facility '2 is operated by Argonne National Laboratory to provide reactor physics data in support of the United States' fast breeder-reactor development program. Plutonium fuel is handled routinely in order to effect changes in the reactor configuration as required by the experimental programs. Since plutonium is a relatively toxic element, considerable care is exercised to assure that operating personnel and the general public are not endangered during these operations.
Although quantities of enriched and depleted uranium are available, the majority of the fuel utilized is an alloy comprised of about 28% by weight of plutonium (Pu), 69 .5% by weight of the 238 isotope of uranium (238U) and 2.5% by weight of molybdenum (Mo). This fuel is contained in 0.015 inch thick hermetically sealed stainless-steel cans which are evacuated and subsequently filled with helium to a pressure of one half of an atmosphere. Loading of the fuel into containers (drawers) for insertion into the reactor matrix is done manually in open-faced hoods. The interior of the hoods is maintained at negative pressure to assure that plutonium leakage from a defective can is contained within the hood system or caught in the highefficiency filters through which the hood air is exhausted. Visual In addition to the precautions taken to assure that no plutonium is released to the environs, radiation surveys are made routinely to assure prompt detection of small quantities of radioactive contaminants if they should be released to the work rooms. Additionally, real-time monitors are utilized to detect airborne-Pu contamination in the hood ducts, in the loading r-room air, and in the reactor-cell air. This paper describes the real-time, continuously operating, airborne-plutonium monitoring system which has been employed at the ZPR-9 facility since its conversion for use with plutonium fuels in 1968. 
Statement of

Design Goals
Our intent was to make the ZPR-9 airborne-Pu monitoring system as sensitive as practicable, consistant with the requirement that it be virtually free of false-alarm signals. The detection of airborne Pu, before exposure to the guideline limit for one week, was considered mandatory. It was clear that existing airborne-Pu monitors were not adequate for our situation because of their inherent sensitivity to background radiations which would result in intolerable false-alarm rates. False-alarm rates in excess of one or two per year per unit are highly undesirable.
References 3 and 4 indicate that the appropriate pide for the maximum-permissible concentration of L39Pu and 238pu, assuming for the sake of conservatism that it is in a body-soluble form, is 2 x 10-12 Pc/ml in areas where personnel work for forty hours. Using this criterion, personnel could be exposed to (40)(2 x 10-12) pc-hr/ml each week. It is convenient to refer to this value as 40 RCG-hr (Radiation Concentration Guide Hours).
System Perfdrmance
The ZPR-9 airborne-Pu monitors are capable of detecting airborne-Pu doses released by mechanical disruption of Pu or its oxide of the order of 1 RCG-hr in the presence of normal backgrounds in the ZPR-9 facilities. The monitors, as utilized, are insensitive to 234U, and are not affected significantly by the neutron, gamma-ray, or beta-particle radiations existing in the reactor cell and work areas. Each unit is set to alarm if airborne-plutonium exposures should exceed 10 RCG-hr of soluble Pu. The monitoring systems are, except during periods of very high radon background, free of false alarms. Occasionally a detector failure results in a false alarm.
There are nine monitors in use on a continuous basis. The present false-alarm rate is less than one per month for all of the monitors.
System Description
In order to obtain the greatest possible discrimination against the naturally-occuring radon daughterproduct backgrounds, it was considered essential first to separate as much of the radon-daughter-productbearing dust as possible from the collected Pu sample. Following Tait,5 Collins,6 and Lapsley,7 this is accomplished using an impactor. Separation is based on the observation that 90% of the radon daughter-product activity is associated with dust particles which are less than 0.035 microns in diameter.8 By contrast, most of the plutonium activity dislodged by mechanical action is associated with particles which are larger than 1 micron in diameter. The velocity of the sampled air is adjusted to permit the small lighter particles to negotiate a sharp turn in the impactor while the large, heavier particles are impacted onto a detector surface. When particles are collected by the impaction process the collection efficiency is proportional to pd2, where p is the particle density and d is particle diameter.9 Thus the impactor can differentiate between the larger and denser Pu particles and the smaller lighter radon-bearing dust particles.
Plutonium is impacted directly onto the surface of a passivated-surface, diffused-junction, silicone detector in order to permit immediate detection of Pu activity, and to permit discrimination between Pu alpha particles and radon-daughter product alpha particles on the basis of energy. Figure 1 shows the impactor and detector assembly. A thin coating of sAlicone grease is used oli the ddtector §urface to ensure particle adhesion after impact. The grease is mixed with benzene (10 g of silicone grease per liter of benzene) and 50 X of the liquid is applied to the cry'stal. The benzene evaporates quickly, leaving a thin coating of silicon grease on the detector. Tests have shown only a slight shift (40 kWV) in the Pu spectrum due to this coating.
The detector presently in use is the Simtec 2002 which has an active surface area of 200 mm2. (A Harshaw Model DJC-400-50-100 detector is presently under evaluation as a potential replacement, since Simtec is no longer in business.) The impactor collection efficiency for U308, density 7.3 gm/cc, was measured to be greater than 55%. The efficiency for Pu02, density 11.5 gm/cc, has not been measured but also is expected to be greater than 55%. Measurements indicate that the collection efficiency for radon daughter products is between 1 and 2%.
Under normal conditions the detectors are operated continuously for eight hours each day. Dust collected during such a period of operation results in a spectral shift of about 55 keV. Therefore the detectors are cleaned and greased each morning. Calibration tests are also performed each morning.
Electronics
A block diagram of the system is shown in Fig. 2 . The detector signal is converted to a voltage pulse by a charge-sensitive preamplifier located near the impactor. The output of this preamplifier is then transmitted to the system electronics, Which is housed in Nuclear Instrument Modules located in the reactor control room. One module contains a variable-gain pulse amplifier to allow the system to be calibrated at 0.5 V per MeV. This pulse amplifier drives two, independent single-channel analyzers (SCA).' One analyzer selects pulses with energies between 5.0 and 5.4 MeV and outputs a logical pulse to the Pu scaler for every event falling within this window. The second SCA selects pulses with energies between 5.5 and 7.0 MeV and outputs a logical pulse to the radon-channel scaler and to a Pu subtraction network when an event falls within its window. The subtraction network will be discussed later. Fig. 3 is a normalized plot of counts per unit energy as a function of energy for alpha particles from 222Rn and its daughter products, 239Pu and 238Pu, and 234U. High resolution is not obtained because the silicone detector has an energy resolution of about 300 keV (FWUM). However, it is clear that the Pu channel can be made to reject most of the 234U counts and most of the Rri counts.
After the impactor has discriminated against radon on the basis of particle size and density, and the pulse-height analyzer has discriminated against radon on the basis of energy, there is still some nominal spillover of radon counts into the Pu channel. A subtraction system, in the form of an up-down scaler in the Pu channel, is used to compensate for this small but significant error in recorded Pu counts. The smallest ratio of counts in the Pu channel to counts in the Rn channel, as determined over a long period of time, is used as a basis for subracting one count from the Pu channel for every "n" counts in the Rn channel. A conservative value for "n" of 10 was selected to assure that it is not possible to subtract more counts from the Pu channel than actually spill into it from the radon channel. The subtraction circuit is disabled when the counter reaches 0000 counts. This prevents an additional down pulse from lowering the counter to a 9999 count which would then cause an alarm.
The output of the counter module is delivered to a digital to analog converter. A signal proportional to the log of the output of the converter is used to drive local and remote readout meters each of which presents a four-decade display. The log output also drives the trip circuit.
System Operation
The counts in each channel are summed for a period of 15 minutes. At the end of this time the system is reset and begins a new cycle. At the instant the number of counts in the Pu channel exceed the number corresponding to a dose of 10 RCG-hr an alarm is sounded. This can be a fraction of a second after a new cycle is initiated if a high airborne-Pu level is present, or later in the cycle if the airborne-Pu level is lower. The number of Pu counts in the Pu channel is determined by Eq. 1 for a deltafunction release of Pu distributed uniformly throughout the room. (The Pu is assumed to remain airborne during the sampling interval.)
The summation is over all Pu isotopes. The quantity Ki is a system constant. Ni is the density of type i Pu atoms in the atmosphere, V is the volumetric air-sampling rate, and T is elapsed time from the instant of Pu release.
2. W. Y. Kato, et al., "Final Safety Analysis Report on the Use of Plutonium in ZPR-6 and -9,"' ANL-7442 (February 1970 The ZPR-9 airborne-plutonium monitor is an effective instrument for real-time airborne-plutonium detection in areas where relatively high radon backgrounds occur.
